Cancer Immunol Immunother (2005) 54: 1026-1037
DOI 10.1007/s00262-005-0672-7

ORIGINAL ARTICLE

Do-Yeun Kim - Carol B. Martin
Soon Nam Lee - Brian K. Martin

Expression of complement protein C5a in a murine mammary cancer
model: tumor regression by interference with the cell cycle

Received: 8 November 2004 / Accepted: 11 January 2005/ Published online: 3 May 2005

© Springer-Verlag 2005

Abstract The C5a anaphylatoxin protein plays a central
role in inflammation associated with complement acti-
vation. This protein is commonly regarded as one of the
most potent inducers of the inflammatory response and
a C5a peptide agonist was used as a molecular adjuvant.
However, the full length C5a protein has not been tested
as a potential tumor therapy. In this report, we describe
the creation of a mini-gene construct that directs CSa
expression to any cell of interest. Functional expression
could be demonstrated in the murine mammary sar-
coma, EMT6. When C5a expressing cells were injected
into syngeneic mice, most CS5a-expressing clones had
significantly reduced tumor growth. Further character-
ization of a clone expressing low levels of C5a demon-
strated that one-third of mice injected with this line had
complete tumor regression. The mice whose tumors re-
gressed were immune to subsequent challenge with
unmodified EMT6 cells, suggesting that a component of
the innate immune response can be used to augment
adaptive immunity. Cellular analyses demonstrated that
a significant difference in actual tumor cell number could
be detected as carly as day 10. A block in cell cycle
progression was evident at all time points and high levels
of apoptosis were observed early in the regression event.
These data demonstrate that the complement protein
C5a can play a significant protective role in tumor
immunity.
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Introduction

Cancerous cells arise via genetic changes that allow
uncontrolled cell growth. Even though the products of
these genetic changes (and other proteins from de novo
gene expression that occurs in cancer) have the potential
to be targets for the immune response, tumors often
escape immune recognition [3]. In the past several years,
a number of advances were made in the area of tumor
immunotherapy (reviewed in [47]); however, most of the
emphasis was placed on T lymphocyte recognition and
killing of tumor cells [45]. Increasingly, there was evi-
dence that a generalized inflammatory response may be
significantly beneficial in tumor immunity [10]. For in-
stance, high granulocytic infiltration of the tumor is a
positive prognostic indicator for tumor regression in
some cancers, suggesting that a factor which elicits
generalized inflammation may be a beneficial therapeutic
for the induction of tumor immunity [47]. In addition, a
number of papers have shown that the innate immune
response is sometimes critical for the generation of
specific adaptive immunity [2, 14, 34, 57]. However, the
role of generalized inflammation in tumor therapy is not
entirely straightforward, as inflammation has also been
found to be detrimental in some cases [13].
Complement component CS5a is an important
inflammatory mediator in the complement cascade [16].
It is formed when the fifth component of complement,
C5, is cleaved by either the alternative or classical
pathway C5 convertase, forming membrane associated
C5b and the soluble 77 (rat and mouse) or 74 (human)
amino acid C5a peptide. The specific receptor for C5a is
CDS8 (reviewed in [16, 56]), although a recently identi-
fied receptor, C5L2, also binds to C5a with unknown
effector functions [6, 25, 42]. Messenger RNA analysis
has shown that CDS88 is expressed on a number of cell



types; however, the functional consequences of this
expression are often unknown [21, 38, 55]. The binding
of C5a to its receptor on immune cells including mac-
rophages and neutrophils elicits several functions
depending upon the concentration in the local environ-
ment. In myeloid cells, C5a is a potent chemotactic and
activation factor; while in endothelial cells, it induces
changes in vascular permeability [16]. The attraction and
facilitated entry of immune effector cells into an area via
activated complement is key in the ability of C5a to
induce an immune response.

C5a is known to induce the chemotaxis of several cell
types including macrophages and granulocytes [55],
mast cells [20], dendritic cells [28, 35, 36, 49] and B
lymphocytes [29, 43]. The binding of C5a to CDS8 in-
duces morphological and phenotypic changes in the
responding cell including actin cytoskeletal remodeling,
cell spreading, adhesion and de-adhesion. Through
mechanisms not yet fully understood, cells are able to
sense the gradient of C5a along the axis of the cell and
respond with directional movement toward the area of
higher concentration [46]. When the C5a concentration
is in the 100 nM range (i.e., when the cells migrate to the
area of C5a production) binding of C5a to CD88 can
induce degranulation, activation of NAPDH oxidase
and changes in gene expression [56]. All of these mech-
anisms contribute to the role of C5a as one of the most
potent inducers of an inflammatory response.

Complement proteins have been shown to be in-
volved in a wide variety of autoimmune phenomena
including systemic lupus erythematosus [1, 5], arthritis
[23, 54], atherosclerosis [8, 40], autoimmune myocarditis
[26] and neuroinflammation [11, 39]. In nearly every
case, it has been hypothesized that complement plays a
negative role during autoimmune attack. Inappropriate
complement activation leading to the attraction and
activation of immune effectors, as well as direct cell
damage caused by terminal complement components
may contribute to the autoimmune disease phenotype. It
has been hypothesized that the goal of induction of an
anti-cancer immune response is akin to induction of
autoimmunity [44]; therefore, we have investigated the
hypothesis that production of the complement anaphy-
latoxin in tumor cells can lead to the induction of anti-
tumor immunity.

Since C5a is produced through the proteolytic
cleavage of C5, it has been difficult to target expression
to a specific cell and the role of CS5a as a potential
inflammatory factor for the control of tumor growth has
not been investigated. Other inflammatory complement
factors have cellular receptors that inactivate their
function making their use in tumor immunity induction
questionable; however, there are no known receptors or
other proteins expressed in tumor cells that could
modify the activity of C5a, although there are fluid-
phase carboxypeptidases that cleave C5a to the des-Arg
form [7]. In the present report, we demonstrate that
functional C5a can be produced from a mini-gene con-
struct utilizing a heterologous signal sequence. The
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expression of C5a in the poorly immunogenic mammary
tumor model, EMT6, leads to decreased tumor growth
kinetics and complete regression of tumors in one-third
of mice injected with C5a-expressing cells. Furthermore,
mice that have undergone tumor regression are com-
pletely immune to subsequent challenge with unmodified
tumor cells. A block in cell cycle progression contributes
to this phenotype, perhaps in concert with high levels of
apoptosis. These data demonstrate a positive role for
C5a in the induction of an antitumor response.

Materials and Methods
Cells and cellular assays

The EMT6.8 murine mammary tumor cell line (hereafter
referred to as EMT6) [32] was obtained from Dr. J.G.
Frelinger and was maintained in DMEM (Invitrogen,
Carlsbad, California) with 7% fetal bovine serum (In-
vitrogen). The J774A.1 macrophage-like cell line (re-
ferred to as J774 hereafter) was purchased from
American Type Culture Collection (Manassas, Virginia)
and maintained in DMEM with 10% fetal bovine serum.

FACS analysis was done using chicken anti-mouse
CsaR antibody (S.R. Barnum). Cells were washed in
PBS, blocked in normal goat serum, and then stained
with a 1:100 antibody dilution. After washing, cells were
stained with biotinylated goat anti-chicken IgG (Vector
Labs, Burlingame, CA), followed by streptavidin-Alexa
Fluor 488 (Molecular Probes, Eugene, Oregon). Stained
cells were analyzed on a FACScan (Becton-Dickinson,
San Jose, California) using Summit software (Cytoma-
tion, Fort Collins, Colorado).

Constructs

The C5a fragment of C5 was cloned by reverse tran-
scription/PCR as follows: Messenger RNA was isolated
from the liver of a BALB/c mouse by the guanidinium/
cesium chloride method [31]. The RNA pool was reverse
transcribed using reverse transcriptase (Invitrogen) with
the primer: 5-CTA CCT TCC CAG TTG GAC AG-3".
Note that this primer modifies the 3’ end of the C5a
sequence. The cleavage site for C5a contains the se-
quence: 5-CTG GGA AGG ATC CAC-3’, which codes
for the amino acids LGRIH, with the carboxy terminal
end of the CSa peptide being LGR. The oligonucleotide
above changes the 3’ end of the sequence to: 5-CTG
GGA AGG TAG-3’, with the terminal TAG now cod-
ing a stop codon. The cDNA pool was then amplified
with Taq DNA polymerase (Invitrogen) using the fol-
lowing oligonucleotides: sense, 5'-CGG GAT CCG TTA
ACC TGC ATC TCC TAA GGC-3" and antisense,
5-GCG GAT CCT ACC TTC CCA GTT GGA CAG-
3’. These primers both contain BamHI cleavage se-
quences for cloning purposes. The antisense primer
contains the aforementioned stop codon. The amino
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terminal amino acid in C5a is N, coded by 5-AAC-3". A
5’-GTT-3’ sequence was added to create 5'-GTTAAC-3,
creating an Hpal site (blunt cutter). Amplification was
performed for five cycles with annealing at 55°C, then
for thirty cycles with concurrent annealing/extension at
72°C. The product of 252 bp was purified, cut with
BamHI and cloned into pBluescript SK- (Stratagene, La
Jolla, CA). Lack of mutation and orientation were
confirmed by sequencing.

The signal sequence used for the synthetic C5a gene
was from the mouse IFN-y gene. The gene was excised
from the pHp-mIFN-neo construct [33]. This DNA was
used as a template for amplification of the signal se-
quence using the oligonucleotides: sense, 5-CGG AAT
TCT CTG AGA CAA TGA ACG CTA-3’; antisense,
5-CGG AAT TCC TGC GCA GTA ACA GCC AGA
AAC-3’. Both oligonucleotides create EcoRI sites for
cloning. The last amino acid in the IFN-y signal se-
quence is a cysteine coded by 5-TGC-3". The sequence
GCA was added to create 5-TGCGCA-3’, an Fspl site.
Amplification was performed as described for C5a. The
95 bp product was purified, cut with EcoRI and cloned
into pBluescript SK-. Lack of mutation and orientation
were confirmed by sequencing.

The interferon signal sequence (IFN-SS) construct
was cut with Fspl (creating a blunt site) and EcoRI and
the 91 bp fragment was cloned into the C5a-pBluescript
construct cut with EcoRI and Hpal (creating a blunt
site). The junction between IFN-SS-C5a is predicted to
be a precise cleavage site, resulting in only the native
C5a sequence (Signal P web server [41]). This construct
(IFN-SS-C5a-pBluescript) was cut with Sall and BamHI
and the 314 bp fragment was cloned into pHf [33] cut
with the same enzymes.

Cells were transfected with the C5a plasmid construct
(see below) by calcium phosphate precipitation [30] and
selected in Geneticin (Invitrogen). Limiting dilution was
used to clone the cells from the polyclonal population.
The clones were tested for functional C5a by chemotaxis
assay and clones that directed J774 chemotaxis above
background (media alone) were selected for further
evaluation. Briefly, supernatants from the clonal cell
populations were added to the lower well of a 96 well
ChemoTx chemotaxis plate (5 pm pores; Neuroprobe,
Gaithersburg, MD). J774 murine macrophage-like cells
(1x10°) were added to the upper part of the filter.
Cells were allowed to migrate for three hours at 37°C.
Cells that migrated to the lower well were quantitated
using the CytoLite assay (Perkin-Elmer, Wellesley, MA).
Assays were performed with triplicate samples and the
mean =+ the standard error is presented.

For measurement of in vitro cell growth, cells were
plated at 1x10° cells per 10 cm plate. Cells were allowed
to grow for 72 h at which time cells were harvested by
trypsinization. At this time point, cells were approxi-
mately 50-70% confluent. Trypan-blue exclusion was
used to quantitate the cell number. This assay was per-
formed in triplicate and the experiment repeated three
times with similar results.

Tumor studies

BALB/c mice were purchased from Jackson Labs (Bar
Harbor, Maine). Cells in mid-log growth were harvested,
washed thrice in PBS, and then resuspended at 2x10° cells
per 50 pl. Mice were injected with 50 pl in the calf muscle
of the hind limb. The mice were individually monitored
for tumor growth. In each experiment, there were four to
six mice per group. Graphs indicate the mean leg size +
the standard error. The primary tumor growth experi-
ment for the C5a Al clone was repeated four times and a
representative experiment is shown. Composite data is
shown as a Kaplan—Meier plot that represents data for
four experiments. Mice were considered tumor-free if
mean leg diameter was less than 5 mm.

Principles of laboratory animal care (NIH publica-
tion No. 85-23, revised 1985) were followed. All mouse
experiments were approved by Institutional Animal
Care and Use Committees of the University of North
Carolina at Chapel Hill and The University of Iowa.
Both institutions’ animal facilities are accredited by the
American Association for the Accreditation of Labora-
tory Animal Care.

Tumor harvest

Mice were sacrificed on the day indicated. For each
experiment, there were four mice per group and each
experiment was repeated with a representative experi-
ment shown. Tumors were carefully dissected from the
leg of the mice while removing as much of the non-
tumor tissue as possible. The tumors were weighed, then
minced with scissors. The resulting tissue was treated
with collagenase (Sigma, St. Louis, MO) for 75 min with
rotation at 37°C. The cells were isolated by filtration
through 70 pm mesh, followed by centrifugation. The
erythrocytes were hypotonically lysed and the cells wa-
shed thrice in phosphate buffered saline. Cells were
counted by trypan blue exclusion. For histological
examination, tumors were harvested on the indicated
days and dissected. Tissues were fixed in formalin and
embedded in paraffin. Five um sections were cut and
then stained with hematoxylin and eosin.

Cell cycle and apoptosis analyses

Tumor cells (1x10°) isolated above were incubated in ice
cold 70% ethanol for 1 h, followed by two washes in
PBS. Cells were resuspended in PBS containing 1 mg/ml
RNAse A (Sigma) for 20 min on ice. The samples were
transferred to a tube with propidium iodide (PI) to a
final concentration of 67 mM. Cells were immediately
analyzed on a FACScan (Becton-Dickinson) with the
WinMDI software. Gates were set to address the num-
ber of cells with <2N DNA content (apoptotic), those
with 2N DNA (resting to Gl1), and those with >2N
DNA content (S, G2 and M phases). Data is presented



as the mean =+ the standard error. In all experiments in
which statistical significance is presented, this was de-
termined by use of Student’s z-Test, two-tailed distri-
bution, homoscedastic.

Annexin V experiments were conducted by staining
cells as recommended by the manufacturer (BD Bio-
sciences). PI was used simultaneously to exclude dead
cells (i.e., PI positive cells were excluded from the
analyses). Cells were analyzed on a FACSCaliber (BD
Biosciences) and dedicated software. All experiments
with PI and Annexin V were repeated thrice with four
mice per group.

Results
Construction of a mini-gene coding for secreted C5a

Complement proteins contain important inter- and in-
tra-chain disulfide bonds and are posttranslationally
processed, making them difficult to study in re-
combinant form. While there was a report on the pro-
duction of C5a from synthetic constructs containing a
novel initiating methionine in bacteria [4] and re-
combinant human C5a is readily available; there is no
report in the literature of C5a expression using a heter-
ologous signal sequence in eukaryotic cells. C5a is
attractive as an immunotherapeutic since there are no
known cellular proteins present on tumor cells that can
specifically inactivate C5a function (although carboxy-
peptidases are active in the fluid phase [7]). To determine
whether C5a expression in a tumor model system could
alter tumor growth, we first developed a C5a mini-gene
construct encoding the CS5a sequence with a signal se-
quence for secretion. The C5a sequence was isolated by
reverse-transcription/amplification and cloned. This
product was fused to the signal sequence from the mouse
IFN-y gene. The resulting gene (IFN-SS-C5a, see Fig. 1)
is predicted to be precisely cleaved by the signal protease
(see vertical arrow in Fig. 1), leaving only the intact C5a
coding portion for secretion [41]. This construct was
cloned into the pHf vector [33] with the C5a gene under
the control of the f-actin promoter.

Functional expression of C5a in the EMT6 mammary
sarcoma cell line

The murine tumor cell line, EMT®6, is a poorly immu-
nogenic BALB/c mammary sarcoma and it was used to
determine whether C5a expression would alter the tumor
growth properties in syngeneic mice. The IFN-SS-C5a
construct was transfected into EMT6 cells and the cells
were selected in Geneticin for expression of the con-
struct. C5a was detected in the supernatants of the
polyclonal population by J774 chemotactic assay (data
not shown). Limiting dilution was used to clone cells
from this pool and clones expressing C5a were identified
by their ability to induce the chemotaxis of J774 cells.
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M N A T H C I L A
gaattctctgagacaATGAACGCTACACACTGCATCTTGGCT
cttaagagactctgtTACTTGCGATGTGTGACGTAGAACCGA
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TTGCAGCTCTTCCTCATGGCTGTTTCTGGCTGTTACTGCAAC
AACGTCGAGAAGGAGTACCGACAAAGACCGACAATGACGTTG
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CTGCATCTCCTAAGGCAGAAAATAGAAGAACAAGCTGCTAAG
GACGTAGAGGATTCCGTCTTTTATCTTCTTGTTCGACGATTC

Y K H s v pP K K C C Y D G A
TACAAACATAGTGTGCCAAAGAAATGCTGCTATGACGGAGCC
ATGTTTGTATCACACGGTTTCTTTACGACGATACTGCCTCGG

R VvV N F Y E T CEE R V A R
CGAGTGAACTTCTACGAAACCTGTGAGGAGCGAGTGGCCCGG
GCTCACTTGAAGATGCTTTGGACACTCCTCGCTCACCGGGCC

v T I 6 P L C I R A F N E C
GTTACCATAGGCCCTCTCTGCATCAGGGCCTTCAACGAGTGC
CAATGGTATCCGGGAGAGACGTAGTCCCGGAAGTTGCTCACG

c T I A N K I R K E S8 P H K
TGTACTATTGCGAACAAGATCCGAAAAGAAAGCCCCCATAAA
ACATGATAACGCTTGTTCTAGGCTTTTCTTTCGGGGGTATTT

P V. Q L G R @
CCTGTCCAACTGGGAAGGTAGgatcce
GGACAGGTTGACCCTTCCATCctagg

Fig. 1 Sequence of the mouse IFN-SS-C5a construct. The mouse
C5a sequence was cloned from mouse liver using reverse transcrip-
tion-cDNA amplification. This gene was fused to the mouse IFN-y
signal sequence. The signal sequence is boxed and the junction
between the signal sequence and the C5a sequence (and the point of
predicted signal peptidase cleavage) is indicated by a vertical arrow.
The translation initiation site is indicated by a horizontal arrow.
The entire construct was confirmed by sequencing. These sequence
data are available from EMBL/GenBank/DDBJ under accession
number AF165982

We selected a total of 33 clones, of which 17 (52%) se-
creted amounts of C5a that could induce J774 chemo-
taxis. EMT6 cells were also cloned from empty vector
transfected cells and we never observed any chemotactic
activity from vector transfected polyclonal cells, or
individual clones (data not shown). Four C5a expressing
clones were identified as inducing a wide range of che-
motactic responses from J774 cells (see Fig. 2a). The
difference in chemotactic activity for these clones ranged
from P=0.014 for the F9 clone to P=2.3x10"" for the
G7 clone. All clones grew in vitro with kinetics indis-
tinguishable from EMT6 cells for empty vector trans-
fected cells (data not shown). These four clones were
injected into syngeneic BALB/c mice and the growth
properties of these tumors were measured. As shown in
Fig. 2b, three clones grew with significantly delayed
kinetics relative to untransfected EMT6 cells, while one
clone, G7, had initially higher growth and tumor growth
did not plateau as in the other C5a expressing clones.
Interestingly, there was an inverse relationship between
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Fig. 2 Expression of C5a by transfected EMT6 cells and effect on
tumor growth in vivo. a EMT6 cells were transfected with the C5a
expression construct (see Fig. 1) and selected in geneticin. Limiting
dilution was used to clone individual lines. Clones were plated in six
well dishes and 3 days later, the supernatants harvested. Either
control media, supernatants from untransfected EMT6 cells or
clones transfected with the C5a construct were used as chemo-
attractants in a 96-well J774 cell motility assay. The number of cells
migrating to the lower chamber was measured and compared
between samples. All selected clones had significantly more
chemotactic activity than media alone or control EMT6 superna-
tant (P <0.05). b Tumor cells (2x10°) from each clone were injected
into syngenic BALB/c mice in the calf muscle and leg size was
measured over time as a function tumor growth. The mean + the
SEM is presented for at least four mice per treatment group. ¢ J774
cell migration in response to the Al clone grown for 4 days to see
the significance of the cell migration induced by Al line
supernatants. Difference in migration between media alone or
EMT6 supernatants and supernatants from the Al clone were
significant at P <0.005. Mean + SEM are presented

the level of C5a expression and tumor growth in vivo.
The only clone in which mice had tumor regression
was the Al clone. We grew this clone in culture for an
additional day in culture to highlight that it did indeed
express significant quantities of C5a. As shown in
Fig. 2c, the Al clone did direct significant (P <0.005)
(albeit low) levels of J774 chemotaxis, supporting our
conclusion that this clone expressed CS5a. These data
disproved our original hypothesis that high C5a ex-
pression would lead to tumor regression. There are
several possibilities that may account for high levels of
C5a altering expected tumor survival. C5a may change
growth kinetics in vivo through an autocrine pathway
(although it does not change growth in vitro). Alter-
natively, C5a may induce other chemokines, cytokines or
growth factors either in the cells themselves, or in par-
enchymal cells in the local microenvironment. However,
our primary goal was to understand how low levels of
C5a expression leads to tumor regression, thus based
upon these results, the clone with the slowest growth rate
in vivo (A1) was selected for further analyses.

EMT6 cells express C5aR but expression of C5a does
not alter logarithmic EMT6 cell growth in vitro

Our results with in vivo tumor growth suggested that
C5a might alter cellular growth, so it is important to
determine whether the receptor for C5a is expressed on
these cells. As shown in Fig. 3a, the C5aR protein is
indeed expressed on EMT6 cells, suggesting that CSa
might modulate growth of the Al clone. If the C5a
expression changes the doubling time, then changes in
vivo growth can be simply explained without the influ-
ence of the host immune response. In order to examine
this question, we examined the doubling time of the Al
clone versus parental EMT6 cells. One hundred thou-
sand EMT6 cells and EMT6 cells expressing C5a
(EMT6/C5a) were plated and allowed to grow for
3 days. The total number of cells was then compared. As
shown in Fig. 3b, the EMT6/C5a Al clone grew slightly
faster than did the EMT6 cells, although the difference
did not reach statistical significance (P=0.08). These
data indicate that if there was a slowing of growth in
vivo, it could not be explained by simple changes in
growth kinetics that manifest themselves in vitro.

The C5a mini-gene product reduces tumor incidence
and size

To further examine the effect that C5a expression may
have on the growth of EMT6 tumors in vivo, cells were
injected IM in the hind limb of syngeneic BALB/c mice
and mice were individually monitored for tumor growth
over a longer time period relative to that shown in Fig. 2b.
As shown in Fig. 4a, initially the growth rates of control
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Fig. 3 C5aR expression on EMT6 cells and in vitro growth rates of
C5a expressing clone Al and control EMT6 mammary tumor cells.
a EMTO6 cells were treated with chicken anti-mouse C5aR (unfilled
histogram) or without primary antibody (gray histogram). Cells
were visualized with biotinylated anti-chicken antibody, followed
by streptavidin-Alexa Fluor 488. b Cells were plated at 1x10° cells
per 10 cm plate. Three days later, the cells were harvested and
counted by microscopy using trypan-blue. On average, the EMT6/
C5a Al clone grew faster, but the difference does not reach
statistical significance (P =0.08)

and the A1 C5a expressing clone were identical up to day
10. Beginning at day 12, the C5a tumors began to grow
slower, and after 15 days of growth, there was an overall
regression in tumor size. A different experiment is shown
in Fig. 4b, with the measurements of individual mice
shown, demonstrating the regressive phenotype. This
regression was reproducible over four separate experi-
ments. Thus, in the early phase of tumor growth around
day 15, there is a significant difference in tumor size.

Another way to analyze the growth of tumors is to
chart the percentage of mice that are tumor-free over a
prolonged period. Figure 5 demonstrates that mice in-
jected with control and C5a expressing tumors had
similar onset of tumor formation with no mice being
tumor-free by day 11 post inoculation. Starting at day
25, however, mice injected with C5a expressing cells
became tumor-free. By day 37, ~31% of mice initially
injected with clone A1 were tumor-free (a total of sixteen
mice were analyzed in four experiments). It should also
be noted that although in every experiment 50-75% of
the mice injected with C5a expressing tumors eventually
grew out those tumors, 80% of the growing CS5a-
expressing tumors were smaller than the smallest control
tumor (data not shown). These data show that C5a
expression in this mammary sarcoma model system can
lead to the retardation of tumor growth; and more sig-
nificantly, it leads to tumor rejection, even after tumor
establishment.
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The C5a mini-gene induces immunity to unmodified
tumors

If the specific immune response actually played a role in
the rejection of C5a expressing tumors, then it is rea-
sonable to hypothesize that mice that rejected the initial
challenge with C5a expressing cells would be immune to
challenge with unmodified EMT6 cells. Four mice that
had rejected EMT6/C5a tumors from three separate
experiments were subsequently challenged with unmod-
ified EMT6 cells. As shown in Fig. 6, all mice were
completely tumor-free throughout the course of the
experiment. These data indicate that the rejection event
mediated by C5a had induced an adaptive immune re-
sponse.

The C5a mini-gene greatly decreases tumor cellularity

Kinetically, the long delay in tumor regression from the
time of inoculation until the initiation of regression
suggested an immune recognition event; however, the
external measurement of leg diameter may not reflect all
of the changes happening within the tumor itself.
Figure 7a is the representation of mean leg diameter
from mice in an experiment separate from those shown
in Fig. 4 and serves to demonstrate the tumor size in
relation to other measurements in this experiment. In
this case, the difference between control and C5a
expressing tumors was not statistically significant until
day 19. Similarly, mean tumor weight was not signifi-
cantly different until day 19 (Fig. 7b). Although the size
and weight of the tumors was very similar at days 10 and
14, this did not necessarily indicate that the actual
number of tumor cells was equal. To examine whether
the tumor size correlated precisely with cellularity, viable
cells derived from the dissected tumors were counted by
trypan blue exclusion and the absolute number of cells
per tumor was compared. As shown in Fig. 7c, even at
day 10, the overall cellularity of the C5a expressing tu-
mors is significantly less (P <0.05). At day 14, there is an
even greater difference (P <0.005). At day 19, the cel-
lularity of C5a expressing tumors was still significantly
low. This change in cellularity suggests that the me-
chanism responsible for the tumor rejection is taking
place at a much earlier stage than can be appreciated by
grossly examining tumor size as an indicator of rejec-
tion, and underscores the importance of these different
measurements to reveal a more complex biologic process
during tumor rejection.

The C5a mini-gene product results in early apoptosis
and fewer mitotic cells

Although data presented thus far clearly demonstrate a
regressive phenotype in CSa expressing tumors, the
mechanism responsible for these changes is unknown.
The hypothesis behind wusing C5a as a tumor
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Fig. 4 Tumor growth characteristics of mice injected with EMT6
and EMT6 C5a clone Al. Cells were injected into the calf muscle of
BALB/c mice at day 0. After injection, mean leg diameter was
monitored individually as a function of tumor size. Beginning at
day 16, the difference in tumor size between mice injected with
control and Cb5a expressing cells was statistically significant
(P<0.05). a The data presented are a representative experiment
that was repeated four times. Open circles, mice injected with
control tumors; solid squares, mice injected with CSa-expressing
tumors. b Measurements from individual mice in a representative
experiment. Open circles, mice injected with control EMT6 tumors;
solid squares, mice injected with EMT6 cells expressing C5a

immunotherapeutic was that C5a expression from the
tumor cells would lead to infiltration by predominantly
myeloid cell types, resulting in an inflammatory reaction
and tumor rejection.

Possible cellular mechanisms for the decreased cell
numbers in C5a expressing tumors include the induction
of programmed cell death and/or changes in the cell cycle
program. One downstream effect of the activation of the
caspase cascade is the activation of cellular nucleases
leading to degradation of chromosomal DNA [50]. When
membrane blebs begin to form, various chromosome
fragments are present and can be quantitated by showing
a DNA content of <2N. Propidium iodide staining was
employed to determine if cells with <2N DNA content
could be detected. As shown in Fig. 8a, control tumor
cells have a relatively high level of apoptosis, with 5% of
the cells having <2N DNA content. C5a expressing tu-
mors had nearly twice as many apoptotic cells as control
tumors at day 10. At day 14, there was no difference
between the two groups. But by day 19, there was a large
difference in the number of cells with <2N DNA, with
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Fig. 5 Greater than 30% of mice injected with cells expressing C5a
have complete regression of their tumors. Mice were injected as in
Fig. 4. Mice were considered tumor bearing when the mean leg
diameter was less than 5.0 mm and the number with tumor versus
the total number injected is presented. The data are a composite of
four separate experiments. Open circles, mice injected with control
tumors; solid squares, mice injected with C5a-expressing clone Al
tumor cells

the C5a tumors having significantly fewer apoptotic
blebs. A representative histogram for day 19 mice is
presented in Fig. 8b. One explanation for the decreased
number of <2N cells is that most of the tumor cells have
already undergone cell death at this time point (see be-
low) and that many of the cells are infiltrating cells, not
tumor cells. Indeed, the overall architecture of the tumor
is very different when control tumors are compared to
CSa expressing cells (see Fig. 9). One caveat to this
experiment is that, in some instances, necrotic cells may
have <2N DNA content, suggesting that another
method can be employed in the future to confirm apop-
tosis. In addition to DNA fragmentation, cells under-
going apoptosis also have a loss of membrane
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Fig. 6 Mice that have complete regression of their primary tumors
are immune to subsequent challenge with unmodified EMT6 cells.
Mice that had complete regression were rechallenged with control
EMT6 tumor cells. Mice were monitored individually for tumor
growth. The data represents four surviving mice from three
experiments. There was a statistically significant difference between
rechallenged and control mice beginning at day 6 (P <0.001). Both
groups were injected with unmodified EMT6 cells. Open circles,
control naive mice; solid squares, mice that rejected C5a tumors
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Fig. 7 Mice injected with C5a expressing cells display reduced
cellularity before they show overt external signs of decreased tumor
size. Mice were injected as in Fig. 6. At the indicated days, mice
were measured and sacrificed. a Mean leg diameter for each group.
b After the mice were sacrificed, the tumors were carefully excised
and weighed. The mean weight of each group is presented. ¢ A
single cell suspension was made by treating the tumors with
collagenase. Cells were quantitated by microscopy, counting only
cells that excluded trypan-blue. The mean number of cells per
tumor for each group is presented. Symbols, * P <0.05; ** P<0.01.
Hatched bars, control tumors; solid bars, C5a tumors

asymmetry. This can be measured using FITC labeled
Annexin V, whose epitope is normally found only on the
inner leaflet. Annexin V staining closely paralleled the
results from cell cycle analysis, although there was no
difference in apoptosis on day 10, there was a significant
difference on day 19 (Fig. 8d). These data suggest that
early apoptosis alone does not explain tumor regression.

In addition to giving information on the number of
cells with <2N DNA content, propidium iodide stain-
ing also allows the detection of the number of cells
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within the tumor that are proceeding through the cell
cycle. This can be determined by examining the number
of cells that have > 2N DNA content; that is, those that
are in the S-G2-M portion of the cycle. As shown in
Fig. 8c, at day 10, there are ~40% fewer C5a expressing
cells in the G2 phase of the cell cycle compared with
control tumors, while at day 14, the difference is ~50%.
By day 19, the percentages are nearly identical. These
data indicate that in addition to the induction of pro-
grammed cell death, there also appears to be a block in
the ability of cells to proceed with DNA synthesis. This
suggests that there are multiple (but possibly related)
mechanisms by which C5a expression in the EMT6 cell
line induces delayed tumor growth and rejection.

If the decreased levels of apoptosis and increased
number of cells in the cell cycle at day 19 reflected an
increase in infiltrating cells with a concomitant decrease
in the absolute number of tumor cells present within the
tumor mass, then this should be able to be visualized by
histological analysis. As shown in Fig. 9, at day 15,
control tumors are composed almost entirely of well-
defined tumor cells with few infiltrating cells or necrotic
regions. In contrast, at day 15, C5a expressing tumors
had areas of massive infiltrates (Fig. 9) along with areas
that had apparent decreased cellularity. These data
demonstrate that the most likely explanation for the lack
of apoptosis in day 19 tumors (see Fig. 8a) is that the
cells undergoing apoptosis (i.e., tumor cells) are lost by
this time point and the infiltrating cells are becoming the
predominant cell population present in the tumor mass.
Surprisingly, FACS analyses did not show large differ-
ences in most cell types. Control and C5a-expressing
tumors had equal numbers of B cells, T cells and den-
dritic cells (all very low). C5a-expressing tumors had
slightly higher numbers of macrophages (CDI1B +
cells, 12.7% in control tumors, versus 17.8% in C5a
expressing tumors) and granulocytes (Gr-1 positive cells,
15.7% versus 18.2%). These data suggest that the in-
crease in macrophages and granulocytes may be due to
CSa-mediated chemotaxis, although it may also be
possible that the increased numbers of dead and dying
cells may be attracting these cell types.

Discussion

There were few published reports examining CSa
expression targeted to an individual cell. This is likely
due to the fact that C5a is part of the large C5 protein
whose structure and function are highly dependent upon
specific secondary structure involving disulfide bonds
and posttranslational processing. C5 is not functional as
a recombinant protein expressed in bacteria due to these
constraints. Murine studies done with C5 and C5a in the
past have largely been performed with human proteins
since it is relatively easy to obtain large amounts of these
proteins from serum; however, the number of mice re-
quired to obtain working quantities of these factors of-
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ten precludes the use of species specific reagents in this
most common model system. This is the first report to
demonstrate functional C5a expression from a re-
combinant construct with a heterologous signal se-
quence in eukaryotic cells. The ability to express C5a in
this novel form in vivo is a positive step in the deter-
mination of the functionality of this protein in a number
of experimental systems. For instance, in systems where
complement activation and specifically C5a is expected
to play a role, such as joint inflammation in arthritis,
C5a expression could be placed under control of a tissue-

<

Fig. 8 Cell cycle analysis of tumor cells isolated from control and
C5a expressing tumors demonstrates increased apoptosis and a
block in cell cycle progression at early time points. At the indicated
times, freshly isolated cells from control and CS5a-expressing
tumors were stained with propidium iodide (Panels A, B and C)
or annexin V (Panel D) and the percentage of cells with different
DNA content was calculated. a Cells with <2N DNA content,
indicative of apoptotic cells. b Representative histograms showing
the DNA content of cells from tumors harvested at 19 days
(control tumor cells, left side; cells from EMT6/C5aAl injected
mice, right side). Numbers indicate the cells with, 2N DNA content.
¢ Cells with >2N DNA content, indicative of cells that are
proceeding through the cell cycle. d Percent annexin positive cells
from tumors harvested at the indicated days. Cells were gated to be
propidium iodide negative, annexin positive. Symbols, * P <0.05;
** P<(0.01; *** P<0.001, Students r-Test. Hatched bars, control
tumors; solid bars, C5a tumors. All experiments were repeated three
times with four mice in each group

specific promoter to examine its contribution to these
phenomena.

In this report, we have expressed C5a in the murine
mammary sarcoma EMT6 and have shown that this
induced tumor regression in > 30% of mice injected with
a lethal dose of tumor cells. When using external mea-
surements to determine tumor regression, it appears that
differences between control versus C5a expressing tu-
mors do not appear until days 14-18; however, the mean
cell number per tumor is actually much smaller at day
10, indicating that gross external measurements are not
indicative of internal processes. Mechanistic analyses
indicate that there are both high levels of apoptosis early
during regression as well as a block in the ability of cells
expressing C5a to progress through the cell cycle.

When external measurements of tumor size are used
to examine tumor growth, it would appear that the im-
mune response to the tumor cells is not able to initially
control the rapid growth. It is not until day 14-18 post-
injection that there is a significant difference in mean
tumor size. This would seem to be consistent with a T
cell-mediated event whereby the lag time required to
mount an immune response is due to the time in which
there is expansion of the naive T lymphocyte population
into effector cells. When the tumors themselves are
examined, however, it is readily evident that even by day
10, there are already processes underway that are con-
trolling tumor growth including apoptosis and a block in
cell cycle progression. Our data are consistent with both
innate immune responses, perhaps due to macrophages
and granulocytes and autocrine type responses mediated
through interaction of C5a with the cell’s surface
receptor.

One important issue in the in vivo experiments is the
presence of carboxypeptidases. These enzymes (espe-
cially carboxypeptidase N) are responsible for cleaving
the C-terminal arginine, which drastically decreases C5a
function [7]. In our in vitro cultures, the only carboxy-
peptidases would come from fetal bovine serum, while in
vivo, these enzymes would be abundant. This suggests
that activity in vitro might not directly correlate with in
vivo activity. This may be important in our proposed



Fig. 9 Histological analyses of
EMT6 tumors expressing C5a
demonstrate increased cellular
infiltration and large areas of

decreased cellularity. Tumors

were harvested on day 15 and
dissected. Tissues were fixed in

formalin and embedded in Control
paraffin. Five um sections were
cut and then stained with
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expressing

autocrine response because upon secretion, the CSa
protein would not be exposed for long to extracellular
carboxypeptidases before binding to the surface recep-
tor, retaining full functionality.

The cellular populations that are responsible for the
delayed tumor growth and regression are as yet un-
known. Although histological analysis has demonstrated
an increase in tumor infiltrates, the cell type responsible
for tumor regression has not been identified. Significant
numbers of T or B lymphocytes are not found in EMT6
tumors (data not shown). These data suggest that the
normal infiltrating cells (macrophages and/or granulo-
cytes) are activated upon contact with the high levels of
C5a present in the tumor, leading to the direct (i.e.,
phagocytosis) or indirect (i.e., cytokine secretion or
reactive oxygen production) killing of the tumor cells. It
is important to note, however, that although the cells
infiltrating the tumor would suggest an innate immune
response, there is also a component of the acquired im-
mune response since mice that reject their primary
inoculation are immune to subsequent challenge with
normal tumor cells (see Fig. 6). This may suggest that
dendritic cells may also be involved in the post-rejection
immunity. Although we were unable to detect significant
number of DC in CSa-expressing EMT6 tumors (data
not shown), DC are typically present in very small
numbers and it may be that few cells are actually required
to confer protective immunity upon secondary challenge.

The relationship between complement and tumor
immunity is not clear. There were several reports
demonstrating resistance of tumor cells to complement
mediated lysis through enhanced expression of com-
plement control proteins [9, 17, 24, 53]. In other cases,
the susceptibility of tumors to complement was
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demonstrated. For instance, one report demonstrated
direct complement-mediated destruction of microme-
tastases and small solid tumors from breast carcinoma
and ovarian teratocarcinoma cell lines [18]. Along the
same lines, the significance of complement activation
during monoclonal antibody treatment in B-cell lym-
phoma was demonstrated as a fundamental mecha-
nism in Rituximab therapeutic activity in vivo [12, 19].
In addition, a new pathway of complement action
against tumors was described. It was shown that
mannose binding protein (MBP) recognizes and binds
specifically to oligosaccharide residues expressed on
the surfaces of human colorectal carcinoma [37]. It
was shown that C5a causes apoptosis in neuroblas-
toma cells. Expression of a C5aR-like molecule was
demonstrated in the TGW neuroblastoma cell line and
NC5aR (neuronal CS5a receptor)-associated signal
transduction system was linked to an apoptotic path-
way in TGW neuroblastoma cells [15]. Finally, recent
data from Ross et al. [22] have suggested that C5a
may be involved in granulocytes recruitment and tu-
mor killing in f-1,3-glucans treated mice. Collectively,
these data demonstrate that there is a role for com-
plement in tumor immunity.

The use of C5a as a direct therapeutic compound in
cancer treatment is also suggested by our research.
Indeed, C5a was utilized to induce tumor immunity in
another report via a very different mechanism than the
one described in our studies. A minimally active C5a
peptide was fused to a tumor-specific peptide [S1, 52].
The C5a portion bound to and was internalized by
antigen presenting cells and presented in the context of
MHC class II, which lead to the induction of an immune
response to the C5a-bound peptide. Although this report
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presented data distinct from our study, it lends
additional support for harnessing the complement sys-
tem for induction of specific immune responses.

A difficulty with trying to utilize complement as a
way to induce tumor immunity is that nearly all cells
have receptors that control homologous lysis [27]. The
method used in this report is not subject to control by
these proteins since there is no known receptor expressed
on tumor cells that inactivates C5a function. Although
we have demonstrated that C5a enhances apoptosis and
decreases cell cycle progression, the precise mechanism
for these effects is not clear. One likely possibility is that
C5a induces the migration of myeloid cells into the tu-
mor and inflammatory mediators contribute to tumor
cell death. Alternatively, C5a may be acting directly on
EMT6 cells through an autocrine mechanism. Indeed,
there are a number of non-myeloid cells that express the
CSa receptor [21, 48, 55], and the function of
the receptor on these cell types has not been examined.
The results of the present study suggest that further
investigation into the function of C5a in tumor immu-
nology is warranted.
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